sure, among others, that in aggregate resulted in an increased prevalence of obesity [4] [5] [6] . Yet, none of these environmental drivers directly affected weight gain at the individual level. Rather, environmental exposures may lead to a particular case of obesity through individual-level responses from the molecular to the behavioral level. Such responses vary between individuals and are strongly influenced by genetic factors. The proportion variance in body mass index (BMI) accounted for by additive genetic effects is estimated to be 40-70% in virtually every population studied [7, 8] . For instance, heritability of BMI was the same (approximately 50%) in families of West African ancestry living in Nigeria, Jamaica, and the United States, despite the large differences in nutrition and environmental conditions between them [9] . The point is that while the environment dictates the prevalence of obesity, genetic variation plays a potent role in determining which particular individuals ultimately will develop it.
Ravussin and Bouchard [10] suggested that within a population, the effect of high genetic susceptibility to obesity (high genetic 'load') is not 'unmasked' unless individuals are exposed to highly obesogenic conditions. To date, the clearest empirical support for this idea is the interaction of physical activity level with variants in the FTO gene [11] , the strongest common genetic susceptibility locus for obesity yet discovered [12] [13] [14] . The association of FTO variants with adiposity depends on physical activity level, with much weaker associations in individuals with at least moderate physical activity [11, 15] . In African-Americans, at least in men, a significant association of the FTO variant with BMI, waist circumference (WC), and skinfolds was only observed in those with very low self-reported physical activity, suggesting that only in the absence of virtually any physical activity did the FTO risk allele exert effects on adiposity [16] . These results are for a single gene variant in interaction with a single environmental factor, and more comprehensive genomewide interrogation of gene-by-environment interactions is ongoing [17] . Nonetheless, no single study or group of studies will have high-quality data on all obesity-related environmental exposures, thereby making it difficult to capture the totality of such environmental unveiling of genetic effects.
An approach we have taken is to use the wide range of birth years in Fels Longitudinal Study subjects to investigate birth year as a proxy for individual-level exposure to the numerous known and unknown nutritional and nonnutritional factors that have changed over time, particularly in the last half-century [5] , and that may have affected weight gain. The degree to which genetic associations with adiposity vary with birth year (i.e. genetic cohort effects) would be a broad measure of gene-by-environment interaction. For example, we recently used this approach and found a stronger association of a set of common menarche-related genetic variants on peri-pubertal BMI among children in the Fels Longitudinal Study born later in the 20th century than those born earlier in the 20th century [18] . In the present analysis, a number of well-replicated common genetic variants found through genome-wide association studies (GWAS) to be associated with adulthood BMI and obesity were used to represent individual-level genetic susceptibility to elevated adiposity (genetic load). Because the Fels Longitudinal Study is composed of related individuals, the effect of this aggregate set of variants on a variety of adiposity traits, and its interaction with birth year, could be assessed while simultaneously accounting for the shared additive genetic and environmental effects within families. The results presented here provide the first empirical evidence of measured genotype-by-year of birth interaction on adiposity-related traits.
Methods

Study Design and Subjects
A cross-sectional design was used. Subjects included 907 nonHispanic White adults (477 men, 430 women) in the Fels Longitudinal Study who were born between 1901 and 1986. For each subject, a single study visit was chosen at random among their visits that included complete adiposity data and that occurred between the ages of 25 and 64 years, a period after growth is complete and loss of adipose tissue due to aging is still minimal [19] . The Fels Longitudinal Study has been described in detail elsewhere [20] ; briefly, the study began in 1929 as a study of normative child growth and development, and continues today primarily as a study of genetic and environmental determinants of variation in growth and aging traits and the antecedents of common chronic disease. Infants living in Yellow Springs, Ohio, and nearby cities and towns in southwestern Ohio (e.g. Dayton, Ohio), USA, have been enrolled from 1929 onward. Mothers and other family members were also simultaneously enrolled. Participants were not selected on the basis of any pre-existing disease. Up to four generations of participants within a family are being actively followed. The Fels Longitudinal Study, although not a nationally representative study, is nonetheless a normative growth and aging study of a generally healthy and well-nourished population. In fact, infant growth data from the Fels Longitudinal Study were used as the basis for United States infant growth charts until 2000 as they were the most representative longitudinal data then available [21] . There are less than 6 cases of childhood growth stunting in the entire study, and further, markers of maturational timing (age at menarche and age at peak height velocity) were stable in individuals born 1920-1970 [22, 23] , supporting the assertion that childhood nutritional status was adequate throughout the period of study. The 907 participants in the present study were distributed among 148 nuclear and extended families that in total contained 8,043 relative pairings, of which 1,122 pairs were first-degree relatives, 1,260 pairs were second-degree relatives, 746 pairs were third-degree relatives, and 1,260 pairs were less closely related. All protocols and informed consent documents used in the Fels Longitudinal Study were approved by the Wright State University Institutional Review Board.
Phenotype Data
Weight, stature, WC, hip circumference, and subcutaneous skinfold thickness (biceps, triceps, suprailiac, and subscapular) were measured in triplicate by two trained staff members using standard anthropometric methods and equipment [24] ; the average of the triplicate measures was used in the analyses. BMI was calculated as weight (kg) divided by height (cm) squared; a sum of skinfold measures was calculated to represent subcutaneous adiposity, and waist-hip ratio (WHR) and waist-height ratio (WHtR) were calculated as measures of central adiposity.
Genotype Data DNA was extracted from stored (-80 ° C) buffy coats obtained from fresh whole blood collected via venipuncture using standard procedures. Individuals were genotyped using the genome-wide Illumina 610-Quad Bead-chip array (Applied Biosystems Incorporated, USA) at the Texas Biomedical Research Institute. SimWalk2 mistyping analysis [25] [26] [27] was used to determine genotypes that had a high probability of being incorrectly called, and these Mendelian errors were removed by blanking these genotypes. Many of the SNPs included in the obesity genetic risk score (GRS) were not included on the Illumina 610-Quad chip, and so HapMap 2 SNP genotypes were imputed using MaCH1 [28, 29] , and were further cleaned using SimWalk 2 [25] [26] [27] . Merlin [30] was used to impute any remaining missing genotypes using the pedigree information. The squared correlation between imputed and directly measured genotypes (R 2 ) for the SNPs ranged from 0.95 to 1.0 (online suppl. table 1; for all online supplementary material, see www. karger.com/doi/10.1159/000351742).
Genetic Risk Score
Known common SNPs explain only a small proportion of the phenotypic variance in common disease traits [31] . To minimize the multiple testing problem and to maximize statistical power, a risk score approach was taken [32] . This approach investigates the combined effects of multiple genetic variants in a single variable to represent measured genetic susceptibility, in this case to obesity. Specifically, the variants reported by Speliotes et al. [33] were used to construct the GRS, as this meta-analysis of GWAS studies in over 250,000 individuals provided robust replication for a large number of individual variants influencing BMI in individuals of European ancestry. The 32 SNPs identified in that study were used to calculate the BMI GRS for each subject in the present analysis. For each SNP, the allele that was reported by Speliotes et al. [33] to be associated with greater BMI was considered the risk allele and then the number of risk alleles for each SNP (0, 1, or 2) was counted. The GRS was computed as the sum of risk alleles across the 32 SNPs, so that a 1-unit increase corresponded to an increase of 1 risk allele. Details on the SNP rs numbers, closest genes, risk alleles for each SNP, risk allele frequencies, and imputation quality R 2 values are provided in online supplementary table 1.
As the individual SNPs vary in effect size, we confirmed that the GRS was a valid representation of the cumulative effect of each SNP. For each trait in the analysis, we tested for heterogeneity of regression effects by fitting a model in which all 32 SNPs were included as covariates but were constrained to have equal effect, and comparing it to a model in which the effect of each SNP was estimated separately. The resulting likelihood ratio test showed no evidence for allele-specific effect heterogeneity for BMI, WC, hip circumference, sum of skinfolds, WHR, or WHtR (d.f. = 31, all p > 0. 25 ). Second, we tested for heterogeneity of SNP-by-birth year effects by adding those 32 interaction terms to the model as well (d.f. = 62, all p > 0.60). These sensitivity analyses validate the critical assumption of the polygenic GRS regarding equal small allelic effects, and the specific assumption of equal allele-by-birth year interaction effects.
Statistical Analysis
Age-and sex-adjusted adiposity trait means were estimated using general linear regression models to test cohort effects using a derived birth cohort variable that grouped birth years into 5 approximately equal groups: ≤ 1939, 1940-1949, 1950-1959, 1960-1969, and 1970 or later. Scatter plots of adiposity traits on year of birth, by age group (25-34, 35-44, 45-54, and 55-64 years), were analyzed to examine linearity of the associations. Linear regression analysis was used to examine crude associations between GRS and adiposity traits, without adjustment for relatedness. SAS version 9.2 (SAS, Carey, N.C., USA) was used for these analyses.
The effects of GRS and its interaction with year of birth on adiposity traits were formally modeled using maximum likelihood-based variance components methods implemented in the SOLAR analytic platform [34] . This approach accounts for the non-independence among family members [35] , models the additive genetic effects and residual environmental effects as random effects, and models the covariates as fixed effects, with principal components scores added to the model to adjust for population stratification [36] . In the first stage of analysis, we tested sex-byyear of birth and sex-by-GRS interaction effects on all adiposity traits; neither had significant associations with any trait, confirming that sexes could be combined for subsequent analysis. Then, we tested the following covariates in the genetic model: GRS, year of birth, GRS-by-year of birth, sex, the exact age at measurement (age), age 2 , sex-by-age, and sex-by-age 2 . Whereas the descriptive analyses used categorical variables to describe year of birth and GRS relationships, the results indicated linear relationships among the variables, and so year of birth and GRS were entered as continuous variables in the genetic models. Due to residual kurtosis, the adiposity traits were all normalized using direct Gaussian transformation prior to analysis.
Statistical significance of individual covariate effects was evaluated using likelihood ratio tests comparing models where covariate effects were estimated against models where covariate effects were set to zero. Narrow-sense heritability (i.e. the phenotypic variance attributable to additive genetic effects; h 2 = σ 178 ditive genetic variance and σ 2 P is the total phenotypic variance) was estimated from the above models and is presented along with the covariate parameter estimates and the proportion of residual variance explained by all covariates. The proportion of the variation explained by the GRS, birth year, and their interaction with one another was calculated for each trait as the difference in total variance explained by covariates in the final model and the total variance explained by covariates in a reduced model in which either GRS and GRS-by-year of birth, or year of birth and GRS-by-year of birth, were not estimated. Finally, to illustrate the interaction effects, parameter estimates from the final models were used to calculate predicted increases in each adiposity trait (untransformed values) per unit GRS at the referent values for the covariates (male, age 45 years) for those born early (1930) and late (1970) in the study.
In summary, the approach was designed to test the hypothesis that particular genetic variants known to influence BMI and related traits had, in aggregate, a significantly different effect on adiposity traits in family members born at different points in time, both before and after the onset of the obesity epidemic, while accounting for relatedness and other shared additive genetic and random environmental effects.
Results
Main Effect of Birth Year on Adiposity Traits
A description of the study sample is provided in table 1 . The subjects were on average 43.3 years of age at the time of measurement, with mean BMI (26.4) in the low overweight range. Although each birth year group included a wide age range, individuals born in earlier birth year groups were on average older at the time of measurement (p < 0.0001). For example, those born before 1940 were on average 51 years of age at measurement, while those born after 1970 were on average 31 years at measurement. Age-and sex-adjusted least squares means for the adiposity traits by 10-year birth cohort show significant birth year effects on BMI, height, WC, hip circumference, WHR, and WHtR (all p < 0.05) and a trend for sum of skinfolds (p = 0.14). For instance, mean BMI increased from 24.8 in those born before 1940 to 27.9 in those born after 1970 (p < 0.0001), and mean WC increased from 90.6 to 98.9 cm (p = 0.02).
To further examine possible confounding by age in the adiposity-by-birth year relationships, we examined scatter plots of each adiposity trait, as shown for WC in figure  1 . This illustrates that within each 10-year age group, a positive association of WC was seen with increasing birth year, and within birth year, older age groups had higher WC. The important point is that unlike a cross-sectional study in which all measurements are obtained at the same time (period) (resulting in cohort and age effects being completely confounded with one another), the availability of observations over the 80-year period of the Fels Longitudinal Study allows for age and cohort effects to be largely disentangled.
Main Effect of the GRS on Adiposity Traits
Individual GRS values ranged from 18 to 39 alleles and there were no differences in mean GRS by birth year group ( table 1 ) . This indicates that there is no gene-byenvironment correlation or differential survival of individuals with low or high genetic susceptibility to obesity across birth year groups. As would be expected of a polygenic trait risk score, the GRS had a normal distribution, and again as expected, individuals with higher values of the GRS tended to have higher BMI, the effect of which is approximately linear ( fig. 2 ) . Of note is that even among individuals with low genetic load (GRS = 18-21 alleles), mean adulthood BMI was nonetheless over 25. The other adiposity traits also exhibited a linear association with GRS, and the parameter estimates from sex-and age-adjusted regression models (unadjusted for relatedness) for all traits are presented in table 2 . All traits other than height (p = 0.12) were positively associated with the GRS in these phenotypic-level regressions.
Interaction of GRS and Birth Year on Adiposity Traits
Parameter estimates from the best-fitting and most parsimonious genetic models formally testing main effects of GRS, birth year, and their interaction with one another on normalized adiposity traits are presented in table 3 . We present results only for traits for which main effects (p < 0.05) were observed for birth year, GRS, or both. Inclusion of age 2 and sex-by-age 2 terms did not improve the likelihood of the models and were dropped from the final models, but age, sex, and sex-by-age effects remained, in addition to GRS, birth year, and the GRSby-birth year interaction. All traits were significantly heritable (h 2 > 0.35, p< 0.0001). There were positive covariate effects of the interaction between GRS and year of birth on weight, BMI, WC, WHtR, and sum of skinfolds (p < 0.007 for all). An interaction was not evident for WHR. The residual trait variance explained by the GRS was approximately 1%, that explained by birth year was 0.2-2.4%, and that explained by GRS-by-birth year was 0.2-0.9%. Finally, because the GRS was based on SNPs identified in GWAS of BMI, we examined whether inclusion of BMI in the final models for all other adiposity traits altered their results. The estimates for the effects of GRS and GRS-by-birth year were reduced and no longer statistically significant, showing that all of the effects of the GRS and its interaction with birth year on the oth- er adiposity traits are accounted for by their effects on BMI.
As the parameter estimates themselves are difficult to interpret, we used them to compare the model-predicted GRS effect (per allele) on each trait for a 45-year-old male born in 1930 to a 45-year-old male born in 1970, using the untransformed values of the adiposity variables ( table 4 ). In each case, the per-allele effect of the GRS was approximately 3 times greater for men born in 1970 than for men born in 1930. The GRS-by-sex interaction term was not significant for any of the traits, and similar results were obtained for women.
Discussion
The present study provides novel evidence that the aggregate effect of common genetic variants on adulthood adiposity depends on year of birth, using data from 907 related, non-Hispanic White participants in the Fels Longitudinal Study born between 1901 and 1986. These individuals were all examined in adulthood, but at different ages, and over an >80-year period, allowing for cohort and age effects to be disentangled, and allowing contrasts to be made between individuals growing up and living in markedly different periods, both before and after the onset of the obesity epidemic in the United States. The study provides empirical support for the theory long held by obesity researchers that as the environment becomes more obesogenic, those with higher genetic predisposition for obesity will gain more weight than those with lower genetic predisposition. This concept is illustrated in figure 3 , from Ravussin and Bouchard [10] in which Parameter estimates are from linear regression models with the 32-SNP obesity GRS as the independent variable and normalized adiposity traits entered as continuous dependent variables.
Sex and age were included as covariates to adjust the estimates for sex and age variation in the dependent variables. All traits were normalized using direct Gaussian transformation prior to analysis; the model shown is the final, reduced model after removal of variance components (age 2 the 'restrictive' and 'obesogenic' environments were conceived as points on a spectrum of economic development, from 'traditional' to 'industrialized' economies.
The present study applies this global-level heuristic model to gene-by-environment interaction over the shorter term and in a single, adequately nourished (non-energy restricted) population. The Fels Longitudinal Study includes individuals born in Southwestern Ohio cities and towns, and their descendants, from 1929 to the present. Secular increases in adulthood BMI, WC, subcutaneous skinfolds, and WHR were shown, as they have similarly occurred in United States adults over this period [3] . Mean stature also increased by approximately 2.5 cm over the period, suggesting that some improvements in childhood health and nutrition may also have occurred. However, the Fels cohort did not experience chronic nutritional stress even early in the study; there were only 6 cases of linear growth stunting in infancy or early childhood, and developmental timing has been quite stable as well [22] [23] . The study participants can therefore be characterized, on the whole, as an adequately nourished representation of 'Middle America'. In this light, nutritional and non-nutritional changes that occurred between 1901 and 1986 in the Fels Longitudinal Study are likely far more subtle than those that are now occurring in populations undergoing rapid economic development such as China and India [4, 37] . Nonetheless, a 3-fold increase in the per-allele effect of the GRS occurred. An implication of the findings is that the influence of common genetic variants on adiposity-related traits would be expected to increase to a greater extent in middle-and lower-income countries experiencing greater changes in the nutritional environment.
Another implication of our study is that cohort effects may explain some of the difficulty in replicating in genetic association studies; for instance, Franks et al. [38] found a significant association of an 11βHSD1 variant with blood pressure among Pima Indian family members born earlier in that study, as was predicted from animal models, but a much weaker relationship in those born later in the study. Such null results had also been reported for other contemporary human cohort studies. The authors suggested that genetic effects on adulthood blood pressure likely depend somewhat on early life environment, which had changed greatly for the Pima population, and which is notoriously difficult to account for using data collected during study assessment in adult cohorts. This may partially explain why genetic association studies of adults frequently fail to replicate across cohorts [38] . Birth year is a widely available and potentially helpful proxy for early life environmental variation within a population and may aid in understanding the heterogeneity of genetic associations across different studies.
Genetic risk factors for disease are important in part because their effects are potentially cumulative over the entire life course, from conception onwards. The GRS used in this analysis includes SNPs that begin to have significant effects on weight gain in infancy and early childhood [39] and may mediate the association of GRS with adulthood adiposity [40] . It is possible, therefore, that some of the GRS-by-birth year interaction effects we report for adults have operated through alterations in early growth, which has also changed significantly over the 80 years of the Fels Longitudinal Study [41, 42] .
To our knowledge, there are no other studies demonstrating a measured genotype-by-birth year interaction effect on adiposity traits, but there are a number of recently published reports that provide support for the findings presented here. A quantitative gene-by-birth year interaction was reported in over 250,000 male siblings and twin pairs conscripted into the Swedish army who were born between 1951 and 1983 [43] . The prevalence of obesity increased from 1 to 5% of the full sample of 1.5 million conscripts over that period, and in the subset of relative pairs, the total phenotypic variance in BMI increased from 5.7 among those born in 1951 to 9.9 among those born in 1983. Of that total variance, the genetic variance increased from 4.3 to 7.9, while the unique environmental variance increased only from 1.4 to 2.0, yielding a significant increase in the heritability. Circumstantial support is also found in the observation that the obesity epidemic was most dramatic at the upper tail of the BMI distribution [44] . Using data from the Behavioral Risk Factor Surveillance system, Sturm [45] reported that the prevalence of adults with a BMI >30 approximately doubled between 1985 and 2005, while the prevalence of adults with a BMI >50 increased 9-fold. A recent study in children in the Avon Longitudinal Study of Parents and Children (ALSPAC) used a quantile regression approach to compare the association of an 8-SNP obesity GRS on childhood fat mass adjusted for stature (fat mass index) [46] , suggesting that the obesity GRS had greater influence on fat mass index in children in the highest quantiles of adiposity.
It is likely that typical patterns of epigenetic regulation of gene expression are being altered by shifts in the human environment and may be partly responsible for the geneby-year of birth interactions on obesity we reported above [47] . Epigenetic marks are modifiable by environmental factors such as the nutrient content of the diet [48] , maternal behavior and stress [49] , and environmental pollutants [50] . At this point, few large-scale human studies of differ-ential DNA methylation have been conducted, and the environmental determinants of histone modification and other epigenetic modifications are even less well understood. To date, there have been only a handful of human studies examining the relationship of adiposity-related traits to DNA methylation; most have examined methylation near known obesity candidate genes, but epigenomewide association analyses are now also beginning to be published (reviewed in [51] ). A number of these have demonstrated association of FTO risk alleles with local CpG methylation variation [52] [53] [54] . But, existing studies are generally small (n < 200) and cross-sectional, and therefore have not had sufficient statistical power or appropriate study designs to test the complex interactions among genotype, environment, and DNA methylation variation that likely exist. High-throughput DNA methylation bead chip technology that simultaneously tests methylation levels in hundreds of thousands of sites across the genome [55] are now being used in large cohort studies which may allow such hypotheses to be tested in the near future.
Our study has a number of strengths, foremost being the study design, which incorporates both genotype and adiposity phenotype data on related individuals born over a very long period of time, beginning in the early 20th century. Limitations of the study include a sample size that was too small to allow analysis of each SNP individually, relying instead on a GRS approach. Our sensitivity analysis indicated that using an unweighted GRS did not bias the results regarding the cumulative effect of the SNPs or their individual interactions with birth year, but nonetheless the results do not shed light on gene-by-birth year interaction effects for any particular SNP. Birth year was used as an omnibus measure of environmental change relevant for obesity; data on specific individual-level behavioral factors, including diet and activity patterns, among other environmental features, were not collected consistently enough over the course of the Fels Longitudinal Study to allow us to attribute the birth year effects to particular sources of variation. Although age and cohort effects could be examined somewhat independently due to the long period over which measurements were taken, it is still true that the most recent cohort was younger on average at the time of measurement than the oldest birth year groups. The expected effect of the negative correlation between age and birth year is to bias the results toward the null hypothesis. This is because in the age range examined, adiposity increases with age, and the positive secular trend in adiposity (as well as the positive interaction between GRS and year of birth) was evident despite the fact that the most recent cohorts had not fully aged into their maximum adiposity at the time of this analysis. The study included individuals from a particular region of the United States who were exclusively of European ancestry, and thus the results may not be applicable to other racial/ethnic groups or other geographic populations. In addition, total body fat mass was not available for most individuals born in the early years of the study, as hydrodensitometry was not integrated into the study protocol until the mid-1960s. However, we did examine anthropometric indicators of adiposity including waist and hip circumference and subcutaneous skinfolds, and examined markers of central adiposity (WHR and WHtR).
Conclusions
We found a gene-by-environment (birth year) interaction on adiposity traits in adults who grew up and lived in markedly different periods, both before and after the onset of the obesity epidemic in the United States. The study presents to our knowledge the first empirical support for the theory long held by obesity researchers that the influences of genetic variants involved in obesity are 'unmasked' as the environment becomes more obesogenic, even over the relatively short historical period of the past 80 years. An implication of the study is that genetic susceptibility to obesity may be increasingly evident in middle-and lower-income countries experiencing far faster changes in the nutritional environment than were observed here. Epigenetic modification is a possible mechanism underlying the findings requiring further study.
